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Abstract

Background: In this study, we developed integrative, personalized prognostic models for breast cancer recurrence and overall
survival (OS) that consider receptor subtypes, epidemiological data, quality of life (QoL), and treatment.
Methods: A total of 15 314 women with stage I to III invasive primary breast cancer treated at The University of Texas MD
Anderson Cancer Center between 1997 and 2012 were used to generate prognostic models by Cox regression analysis in a
two-stage study. Model performance was assessed by calculating the area under the curve (AUC) and calibration analysis and
compared with Nottingham Prognostic Index (NPI) and PREDICT.
Results: Host characteristics were assessed for 10 809 women as the discovery population (median follow-up¼6.09 years,
1144 recurrence and 1627 deaths) and 4505 women as the validation population (median follow-up¼7.95 years, 684
recurrence and 1095 deaths). In addition to the known clinical/pathological variables, the model for recurrence included
alcohol consumption while the model for OS included smoking status and physical component summary score. The AUCs for
recurrence and OS were 0.813 and 0.810 in the discovery and 0.807 and 0.803 in the validation, respectively, compared with
AUCs of 0.761 and 0.753 in discovery and 0.777 and 0.751 in validation for NPI. Our model further showed better calibration
compared with PREDICT. We also developed race-specific and receptor subtype–specific models with comparable AUCs.
Racial disparity was evident in the distributions of many risk factors and clinical presentation of the disease.
Conclusions: Our integrative prognostic models for breast cancer exhibit high discriminatory accuracy and excellent
calibration and are the first to incorporate receptor subtype and epidemiological and QoL data.

Breast cancer is a heterogeneous disease with distinct progno-
ses. To help establish guidelines for clinical decision-making
with regard to personalized management of breast cancer, a
number of prognostic models focusing on clinical/pathological

and, recently, human epidermal growth factor receptor 2 (HER2)
and estrogen receptor (ER) status have been developed since the
early 1980s (1–9). Currently, guidelines have been published on
a wealth of tumor-based receptor markers (10–16) in
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determining prognosis and making decisions regarding adju-
vant chemotherapy for early-stage hormone receptor–positive
and HER2-negative breast cancer (17). However, validation of
these published prognostic models using external patient popu-
lations has shown only modest discriminatory accuracy
(range¼ 0.59–0.78) (3–5,18–20). Therefore, a large amount of vari-
ability in breast cancer clinical outcomes remains unexplained.

Progesterone receptor (PR) was used in combination with ER
and HER2 to define receptor subtypes including HmR-positive
(ERþ or PRþ, HER2-), HER2-positive (HER2þ), and triple-negative
(ER-, PR-, HER2-). The inclusion of receptor subtype, patients’
demographics, and health-related quality of life (QoL) in the
model may improve model performance. These factors were
rarely accounted for by the published breast cancer prognostic
models. Importantly, racial disparities in breast cancer progno-
sis are well documented. Despite this, most of the existing mod-
els were developed based on white patients. Hence,
performance of these models in other racial/ethnic groups is
still unclear.

Using a comprehensive database containing breast cancer
patients’ clinical/pathological, epidemiological, and QoL data
carefully compiled for over 20 years at The University of Texas
MD Anderson Cancer Center (UTMDACC), we aimed to improve
the prediction of breast cancer outcomes by developing models
overall, as well as models applicable to patients with non-
European ancestry and specific receptor subtype. With the large
minority population, we also examined racial/ethnic disparities
in terms of risk factors and clinical characteristics of the
disease.

Methods

Patient Population and Data Collection

This study included 15 314 women identified from the Breast
Medical Oncology Institutional Database at UTMDACC and diag-
nosed with stage I to III invasive primary breast cancer between
1997 and 2012. To minimize the potential effects of referral bias,
models were developed using the 10 809 study participants who
met National Comprehensive Cancer Network (NCCN) criteria
(21,22). These criteria defined eligible subjects who were age 18
years or older and had newly diagnosed breast cancer, had con-
firmed histology as defined by the American Joint Committee
on Cancer (AJCC), and had received some or all forms of primary
breast cancer treatment (surgery, chemotherapy, or hormone
therapy). Patients with a history of breast cancer were eligible if
they did not have a history of distant metastases and met the
aforementioned criteria. Patients with a history of other cancer
were eligible if they did not have a history of distant metastases
or evidence of relapse and met the aforementioned criteria. The
remaining 4505 women were used as the validation population.
Epidemiologic and demographic data were collected by self-
administered questionnaires at the time of registration and
within one year of diagnosis. Patients who drank alcoholic bev-
erages (beer, wine, and liquor) regularly (at least one drink per
month) were considered alcohol drinkers. Short Form 12 (SF12)
questionnaires were collected at the same time as epidemio-
logic questionnaires and used to construct QoL variables includ-
ing physical component summary (PCS) and mental component
summary (MCS) scores. Clinical and follow-up data were
abstracted from the patient’s medical records. Written informed
consent was obtained from study participants, and the study
was approved by UTMDACC’s Institutional Review Board.

Statistical Analysis

The end points were recurrence (defined as the local, regional,
or distant metastatic recurrence) and overall survival (OS), and
we predicted the likelihood of recurrence or survival within a
five-year period. For recurrence, patients who died or who were
alive at the last follow-up without evidence of recurrence were
censored. Time to recurrence was defined as the time from the
date of diagnosis to the date of first documented recurrence, the
date of last follow-up, the date of death, or five years after diag-
nosis, whichever came first. Similarly, OS was defined as the
time from the date of diagnosis to the date of death, the date of
latest follow-up, or five years after diagnosis, whichever came
first. The assumption of proportional hazard was tested by the
methods of Therneau and Grambsch. Prognostic factors identi-
fied through univariate Cox analysis (Supplementary Tables 1
and 2, available online) were subjected to backward stepwise
Cox proportional hazards regression analysis to identify statisti-
cally significant prognostic factors (P< .05, Wald test) to be
included in the final models. Hazard ratios (HRs) and 95% confi-
dence intervals (CIs) were estimated for each factor. Prognostic
models for recurrence and OS were generated by initiating the
model with clinical/pathological variables, then sequentially
incorporating epidemiological variables. Interaction between
variables was assessed by adding interaction variable to the Cox
model. Significance was checked with Bonferroni adjustment
for multiple comparisons (P< .05/number of tests). We assessed
model performance by generating receiver operating character-
istic (ROC) curves and estimating area under the ROC curves
(AUC) for our models and Nottingham Prognostic Index (NPI) (1).
We assessed model calibration by generating calibration plot
using 100 bootstrap runs to estimate the 95% confidence inter-
vals. We compared the predicted and observed five-year events
for our models and PREDICT (4) and used test of proportion for
the equality of predicted and observed events. Predicted pure
risk of developing the event was estimated using the equation

F(t, X)¼ 1-S(t, X)¼ 1� ½S0ðtÞ�expð
Pp

j¼1bjxjÞ. The differences in distri-
bution of patient characteristics among race/ethnic subgroups
were assessed by Pearson Chi-square test. Statistical analyses
and modeling were performed using SAS (version 9.2; SAS
Institute, Cary, NC), STATA (version 14; Stata Co., College
Station, TX), and R software packages. All statistical tests were
two-sided unless otherwise indicated, and a P value of less than
.05 was considered statistically significant.

Results

Study Population Characteristics

The discovery population (demoþclinical) included a total of
10 809 women (1144 recurrence, 1627 deaths) with a median
follow-up of 6.09 years and mean age of 54.5 years
(range¼ 19–98 years). Receptor subtype were available for 9738,
self-administered questionnaires (EPI) for 8964 patients, QoL for
5350 patients (4673 before treatment, 677 after treatment), and
demoþclinicalþEPIþQoL for 5060 patients (501 recurrence, 623
death). The validation population included a total of 4505
women (684 recurrence, 1095 deaths) with a median follow-up
of 7.95 years and mean age of 54.7 years (range¼ 20–91 years).
Receptor subtype were available for 3541 patients, EPI for 2348
patients, QoL for 1119 patients (449 before treatment, 670 after
treatment), and demoþclinicalþEPIþQoL for 1013 patients (159
recurrence, 233 death).
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Prognostic Model for Breast Cancer Recurrence

We initiated the model building with baseline demographic and
clinical/pathological variables in the entire cohort.
Demoþclinical model included age, diagnosis year, race/ethnic-
ity, cancer detection mode, nuclear grade, tumor size, number
of positive nodes, lymph or vascular invasion (LVI), histology,
and adjuvant hormone therapy (Table 1). Including the receptor
subtype resulted in a statistically significantly increased
(P¼ .007) risk of recurrence for patients with triple-negative
breast cancer. Alcohol consumption was identified in
demoþclinicalþEPI model. The recurrence-free survival curve
for full model by selected factors is shown in Figure 1, A–C.
Good concordance and improvement in AUC was observed for
the full model in both discovery and validation data with AUCs
of 0.813 and 0.807 (Figure 2, A and B), respectively, although
there was little improvement in AUC compared with the clinic
model. AUCs for NPI in the the discovery and validation data
were 0.761 and 0.777, respectively. We also observed good
model calibration for the full model (Supplementary Table 3,
available online).

We also generated multivariable risk prognostic models for
breast cancer recurrence by receptor subtypes (Table 2) and by
race (Table 3). For the subtype-specific models, cancer detection
mode, nuclear grade, tumor size, and number of positive nodes
were consistently associated in all the subtype-specific models,
while age, histology, LVI, and alcohol consumption were in the
HmR-positive and triple-negative models, race/ethnicity and
diagnosis year were in the HmR and HER2-positive models, and
chemotherapy was in the HER2-positive model. For race-spe-
cific models, number of positive nodes and adjuvant hormone
therapy showed consistent associations, while age, LVI, and
receptor subtype were in the white model; histology was in the
African American model; cancer detection mode, nuclear grade,
and tumor size were in the white and African American models;
and diagnosis year and alcohol consumption were in the white
and Hispanic models.

Prognostic Model for Breast Cancer OS

As shown in Supplementary Table 4 (available online), the final
OS demoþclinical models included terms for age, race/ethnicity,
detection mode, nuclear grade, tumor size, number of positive
nodes, LVI, receptor subtype, chemotherapy, and adjuvant hor-
monal therapy. Smoking status and PCS score were identified in
the demoþclinicalþEPIþQoL model. The OS curve for full model
by selected factors is shown in Figure 1, D–F. Excellent model
discrimination was observed for the full model in discovery and
validation data, with AUCs of 0.810 and 0.803, respectively
(Figure 2, C and D), although there was little improvement in
AUC compared with the clinic model. The AUCs for NPI in the
discovery and validation data were 0.753 and 0.751, respectively.
The full model was well calibrated, except for the overall in the
validation data (Supplementary Table 3, available online), while
PREDICT overestimated the five-year death for the overall and
the majority of subgroups in the discovery data and for the
triple-negative subgroup in the validation data.

Additional analysis for multivariable risk prognostic models
by receptor subtypes and by race was performed
(Supplementary Tables 5 and 6, available online). For subtype-
specific models, tumor size and number of positive nodes had
consistent association, while age, race/ethnicity, and nuclear
grade were in the HmR-positive and triple-negative models,

menopausal status and prior cancer were in the HER2-positive
model, cancer detection mode and adjuvant hormone therapy
were in the HmR and HER2-positive models, LVI was in the tri-
ple-negative model, and chemotherapy and PCS score were in
the HmR-positive model. For the race-specific model, nuclear
grade, tumor size, number of positive nodes, and adjuvant hor-
mone therapy exhibited consistent association, while age, LVI,
chemotherapy, and smoking status were in the white model,
cancer detection mode and receptor subtype were the in the
white and African American models, and PCS score was in the
white and Hispanic models.

Application of Prognostic Model for Personalized
Risk Prediction

We used the full models to predict pure five-year risk of recur-
rence and death using hypothetical patients age 40 and 65 years
with various risk profiles for HmR-positive and triple-negative
breast cancer. For a patient age 40 years with HmR-positive
breast cancer and a lowest-risk profile, predicted five-years risk
of recurrence was 1.5% (95% CI¼ 0.9% to 2.0%) for African
American, 1.0% (95% CI¼ 0.6% to 1.3%) for white, 0.9% (95%
CI¼ 0.4% to 1.4%) for Asian/Pacific Islanders, and 0.8% (95%
CI¼ 0.4% to 1.1%) for Hispanic (Figure 3). With the risk profiles
changed to diagnosis years 1997–2002, cancer detected by symp-
toms, tumor size 4–5 cm, nuclear grade III, presence of LVI, five
to eight positive nodes, and nonalcohol drinking, predicted five-
year risk of recurrence increased to 75.0% (95% CI¼ 55.6% to
85.9%) for African American, 59.8% (95% CI¼ 42.0% to 72.1%) for
white, 57.7% (95% CI¼ 33.4% to 73.1%) for Asian/Pacific
Islanders, and 51.4% (95% CI¼ 33.2% to 64.6%) for Hispanic.

For a patient age 40 years with HmR-positive breast cancer,
predicted five-year risk of death was 1.2% (95% CI¼ 0.6% to
1.9%) for African American, 0.8% (95% CI¼ 0.4% to 1.2%) for
white, 0.8% (95% CI¼ 0.2% to 1.4%) for Asian/Pacific Islanders,
and 0.5% (95% CI¼ 0.2% to 0.8%) for Hispanic with lowest-risk
profile (Supplementary Figure 1, available online). When the
risk profiles changed to breast cancer detected by symptoms,
tumor size 2–3 cm, nuclear grade III, presence of LVI, and three
to four positive nodes, predicted five-year risk of death
increased to 45.5% (95% CI¼ 21.9% to 61.9%) for African
American, 32.7% (95% CI¼ 16.4% to 45.7%) for white, 31.7% (95%
CI¼ 6.9% to 49.8%) for Asian/Pacific Islanders, and 20.7% (95%
CI¼ 7.8% to 31.8%) for Hispanic.

Racial/Ethnic Disparities

The highest percentage of recurrence and death was observed
for African American women (recurrence¼ 17.7%;
death¼ 22.3%), followed by white (recurrence¼ 9.8%;
death¼ 15.4%), Hispanic (recurrence¼ 10.1%; death¼ 11.0%),
and Asian/Pacific women (recurrence¼ 8.1%; death¼ 7.1%). The
distributions of the demographic, clinical/pathological, epide-
miological, and QoL variables in the discovery population
among racial/ethnic subgroups are shown in Table 4. We
observed statistically significant racial/ethnic disparities for the
majority of these variables (Table 4), except for LVI, although
statistically significant interaction of LVI with race/ethnicity
was observed for risk of death (P¼ .04, data not shown). For
example, African American women were more likely to be obese
(57.3% having BMI� 30 kg/m2) compared with 13.5% to 36.6% for
other races/ethnicities. African American women were more
likely (23.6%) to be diagnosed with triple-negative breast cancer
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Table 1. Multivariable risk models for breast cancer recurrence and estimated relative risk*

Variable
Demoþclinical Demoþclinicalþsubtype DemoþclinicalþEPI

HR (95% CI) HR (95% CI) HR (95% CI)

Age, y
<45 1 (ref) 1 (ref) 1 (ref)
45–54 0.70 (0.58 to 0.83) 0.70 (0.58 to 0.84) 0.67 (0.55 to 0.82)
55–64 0.77 (0.64 to 0.93) 0.76 (0.62 to 0.92) 0.73 (0.59 to 0.91)
�65 0.87 (0.70 to 1.08) 0.88 (0.70 to 1.11) 0.90 (0.71 to 1.15)

Diagnosis year
1997–2002 1 (ref) 1 (ref) 1 (ref)
2003–2007 1.02 (0.87 to 1.21) 0.96 (0.80 to 1.14) 0.99 (0.80 to 1.21)
2008–2012 0.69 (0.57 to 0.83) 0.65 (0.54 to 0.80) 0.69 (0.55 to 0.86)

Race/ethnicity
White 1 (ref) 1 (ref) 1 (ref)
Hispanic 0.94 (0.76 to 1.17) 0.92 (0.73 to 1.15) 0.79 (0.61 to 1.02)
African American 1.72 (1.43 to 2.06) 1.72 (1.42 to 2.07) 1.52 (1.24 to 1.87)
Asian/Pacific 1.08 (0.77 to 1.53) 1.11 (0.78 to 1.59) 0.94 (0.63 to 1.41)
Other 1.52 (0.78 to 2.94) 1.44 (0.74 to 2.80) 1.91 (0.85 to 4.28)

Cancer detection mode
Screens 1 (ref) 1 (ref) 1 (ref)
Symptom 1.89 (1.58 to 2.26) 1.77 (1.47 to 2.14) 1.96 (1.58 to 2.41)

Nuclear grade
I or II 1 (ref) 1 (ref) 1 (ref)
III 1.98 (1.65 to 2.38) 2.01 (1.66 to 2.45) 2.11 (1.69 to 2.62)

Histology
Ductal 1 (ref) 1 (ref) 1 (ref)
Lobular 0.66 (0.47 to 0.92) 0.67 (0.47 to 0.95) 0.69 (0.48 to 1.01)
Mixed ductal/lobular 1.08 (0.79 to 1.47) 1.09 (0.79 to 1.50) 1.16 (0.81 to 1.65)
Other 0.49 (0.29 to 0.84) 0.50 (0.29 to 0.87) 0.49 (0.26 to 0.92)

Tumor size, cm
0–1 1 (ref) 1 (ref) 1 (ref)
1–2 0.93 (0.75 to 1.15) 0.89 (0.71 to 1.11) 0.87 (0.68 to 1.10)
2–3 1.18 (0.94 to 1.49) 1.16 (0.91 to 1.47) 1.18 (0.91 to 1.52)
3–4 1.54 (1.18 to 2.00) 1.48 (1.13 to 1.94) 1.31 (0.97 to 1.77)
4–5 1.90 (1.40 to 2.57) 1.91 (1.40 to 2.60) 1.76 (1.25 to 2.46)
5þ 2.52 (1.96 to 3.24) 2.42 (1.87 to 3.14) 2.35 (1.78 to 3.10)

No. of positive nodes
0 1 (ref) 1 (ref) 1 (ref)
1 or 2 1.51 (1.23 to 1.86) 1.52 (1.23 to 1.89) 1.51 (1.20 to 1.91)
3 or 4 2.67 (2.10 to 3.39) 2.65 (2.07 to 3.40) 2.34 (1.78 to 3.08)
5–8 3.96 (3.11 to 5.05) 4.08 (3.17 to 5.25) 4.15 (3.16 to 5.45)
9–19 5.19 (4.08 to 6.60) 5.48 (4.25 to 7.05) 5.44 (4.13 to 7.16)
�20 7.12 (4.93 to 10.29) 7.25 (5.00 to 10.51) 7.99 (5.39 to 11.83)

Lymph or vascular invasion
No 1 (ref) 1 (ref) 1 (ref)
Yes 1.50 (1.28 to 1.75) 1.51 (1.29 to 1.78) 1.63 (1.36 to 1.94)

Adjuvant hormone therapy
No 1 (ref) 1 (ref) 1 (ref)
Yes 0.40 (0.34 to 0.46) 0.46 (0.37 to 0.56) 0.48 (0.38 to 0.61)

Breast cancer receptor subtype
HmR-positive — 1 (ref) 1 (ref)
HER2-positive — 0.89 (0.71 to 1.11) 0.88 (0.69 to 1.12)
Triple-negative — 1.40 (1.10 to 1.79) 1.58 (1.20 to 2.07)

Alcohol consumption
No — — 1 (ref)
Yes — — 0.75 (0.64 to 0.88)

Discovery
No. of events/total population 817/10 013 759/9035 642/7760
AUC 0.805 0.807 0.813

Validation
No. of events/total population 335/3743 267/2981 151/1717
AUC 0.798 0.812 0.807

*AUC¼area under the curve; CI¼ confidence interval; EPI¼ self-administered questionnaires; HmR¼hormone receptor; HER2¼human epidermal growth factor recep-

tor 2; HR¼hazard ratio.
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than other races/ethnicities (range¼ 11.1% to 12.5%). In terms of
QoL, 19.1% of African American women exhibited low PCS, fol-
lowed by Hispanic (17.2%), white (12.6%), and Asian/Pacific
(8.7%). For risk of recurrence, a statistically significant interac-
tion of race/ethnicity with diagnosis year was also observed
(P¼ .02).

Discussion

This is the first large-scale study to incorporate epidemiological
characteristics and QoL data to the breast cancer prognosis
model. Our models, which were developed using the large
patient population at UTMDACC, had AUCs of 0.813 for recur-
rence and 0.810 for survival in the discovery population. The
models’ high discriminatory accuracy was further confirmed by
AUCs of 0.807 for recurrence and 0.803 for survival in the valida-
tion population. Calibration analysis demonstrated the good

agreement between the predicted and observed five-year events
in both the discovery and validation populations. Further, our
models have improved AUCs compared with NPI and better cali-
brations compared with PREDICT. Using the large patient popu-
lation, we published for the first time separate models for
racial/ethnic subgroups and found racial/ethnic disparities
across majorities of demographic, clinical/pathological, epide-
miological, and QoL variables.

To date, considerable effort has gone into the development
of prognostic models for breast cancer clinical outcomes, partic-
ularly to individualize treatment recommendations. Earlier
analyses focused on clinical and pathological factors while
recent studies included individual receptor status in an effort to
more precisely predict of patients’ outcome, especially in the
context of specific therapies. Nevertheless, no prognostic model
for breast cancer outcomes currently uses the receptor subtype
information. Our study showed that triple-negative breast
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Figure 1. Survival curves based on the full model. Graphs show relapse-free survival based on the full model by (A) age; (B) tumor size; and (C) number of positive nodes.

Graphs show overall survival curve based on the full model by (D) age; (E) tumor size; and (F) number of positive nodes.
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cancer patients have a statistically significantly increased risk
of recurrence and death, while HER2-positive breast cancer
patients have improved OS when compared with HmR-positive
breast cancer patients.

Many studies have shown racial/ethnic difference in breast
cancer recurrence and survival (24–26). The racial/ethnic dispar-
ities in clinical/pathological variables, treatment, family history
of breast cancer, and QoL have also been studied (27–30), but few
studies have examined the racial/ethnic disparities associated
with smoking, alcohol consumption, and personal history of can-
cer. In this study, we demonstrated racial/ethnic disparities in
almost all variables and incorporated race/ethnicity into breast

cancer prognostic models. It is also noteworthy that, in compari-
son with white women, Hispanic women exhibited a consistently
and statistically significantly reduced risk of death, while African
American women exhibited a statistically significantly increased
risk of recurrence and death. Therefore, the difference between
the prognosis of African American and white patients could not
be explained by the clinical/pathological differences. Further
examination for the interaction of race/ethnicity with other fac-
tors found statistically significant interactions with presence of
lymph or vascular invasion for risk of death and diagnosis year
for risk of recurrence. However, they did not remain statistically
significant after Bonferroni correction for multiple comparisons.
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Figure 2. Discriminatory accuracy for predicting breast cancer outcomes assessed by receiver operator characteristics analysis calculating area under the curve.

A) Recurrence within five years in the discovery population. B) Recurrence within five years in the validation population. C) Survival within five years in the discovery

population. D) Survival within five years in the validation population. For recurrence: the demographic model included age and race; clinical model included diagnosis

year; nuclear grade, tumor size, histology, number of positive nodes, cancer detection mode, breast cancer subtype, and lymphatic/vascular invasion; treatment model

included adjuvant hormone therapy; full model included alcohol consumption in addition to demo, clinical, and treatment variables mentioned above. For survival:

the demo model included age and race; clinical model included nuclear grade, tumor size, number of positive nodes, cancer detection mode, breast cancer subtype,

and lymph or vascular invasion; treatment model included chemotherapy and adjuvant hormone therapy; full model included smoking status and physical compo-

nent summary score in addition to the demo, clinical, and treatment variables mentioned above. AUC¼area under the curve; NPI¼Nottingham Prognostic Index.
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Table 2. Multivariable risk models for breast cancer recurrence by breast cancer receptor subtypes*

Variable

Demoþclinical DemoþclinicalþEPI

HmR-positive HER2-positive Triple-negative HmR-positive Triple-negative
HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI)

Age, y
<45 1 (ref) — 1 (ref) 1 (ref) 1 (ref)
45–54 0.70 (0.53 to 0.92) — 0.61 (0.44 to 0.85) 0.68 (0.50 to 0.92) 0.58 (0.41 to 0.82)
55–64 0.76 (0.57 to 1.00) — 0.63 (0.44 to 0.91) 0.75 (0.55 to 1.02) 0.61 (0.41 to 0.90)
�65 0.68 (0.49 to 0.95) — 1.17 (0.78 to 1.75) 0.69 (0.48 to 1.00) 1.16 (0.77 to 1.76)

Diagnosis year
1997–2002 1 (ref) 1 (ref) — 1 (ref) —
2003–2007 1.00 (0.77 to 1.30) 0.71 (0.50 to 1.01) — 1.01 (0.74 to 1.39) —
2008–2012 0.65 (0.49 to 0.88) 0.44 (0.28 to 0.67) — 0.68 (0.48 to 0.96) —

Race/ethnicity
White 1 (ref) 1 (ref) — 1 (ref) —
Hispanic 0.91 (0.66 to 1.26) 0.86 (0.54 to 1.37) — 0.79 (0.55 to 1.14) —
African American 1.91 (1.44 to 2.53) 1.72 (1.12 to 2.63) — 1.53 (1.11 to 2.11) —
Asian/Pacific 1.12 (0.69 to 1.82) 1.26 (0.61 to 2.61) — 0.95 (0.56 to 1.61) —
Other 1.99 (0.74 to 5.37) 0.80 (0.11 to 5.82) — 1.11 (0.27 to 4.48) —

Cancer detection mode
Screens 1 (ref) 1 (ref) 1 (ref) 1 (ref) 1 (ref)
Symptom 2.05 (1.56 to 2.68) 1.76 (1.21 to 2.58) 1.48 (1.04 to 2.11) 2.25 (1.66 to 3.04) 1.55 (1.05 to 2.28)

Nuclear grade
I or II 1 (ref) 1 (ref) 1 (ref) 1 (ref) 1 (ref)
III 2.03 (1.62 to 2.53) 1.92 (1.15 to 3.22) 1.95 (1.04 to 3.67) 2.16 (1.69 to 2.76) 2.14 (1.05 to 4.40)

Histology
Ductal 1 (ref) — 1 (ref) 1 (ref) 1 (ref)
Lobular 0.59 (0.40 to 0.88) — 1.06 (0.25 to 4.44) 0.64 (0.42 to 0.97) 0.47 (0.06 to 3.47)
Mixed ductal/lobular 0.82 (0.56 to 1.22) — 4.54 (2.01 to 10.25) 0.80 (0.51 to 1.25) 4.76 (2.10 to 10.79)
Other 0.45 (0.21 to 0.96) — 0.54 (0.17 to 1.70) 0.42 (0.17 to 1.02) 0.37 (0.09 to 1.51)

Tumor size, cm
0–1 1 (ref) 1 (ref) 1 (ref) 1 (ref) 1 (ref)
1–2 0.95 (0.69 to 1.32) 1.20 (0.76 to 1.90) 0.76 (0.50 to 1.14) 0.91 (0.63 to 1.30) 0.76 (0.49 to 1.17)
2–3 1.17 (0.82 to 1.68) 1.23 (0.73 to 2.08) 1.33 (0.88 to 2.00) 1.22 (0.82 to 1.79) 1.25 (0.81 to 1.94)
3–4 1.74 (1.15 to 2.65) 1.84 (1.04 to 3.27) 1.35 (0.84 to 2.18) 1.46 (0.90 to 2.35) 1.23 (0.75 to 2.03)
4–5 2.46 (1.57 to 3.86) 1.65 (0.77 to 3.56) 1.90 (1.11 to 3.23) 2.27 (1.37 to 3.76) 1.88 (1.08 to 3.28)
5þ 2.39 (1.60 to 3.56) 2.55 (1.47 to 4.40) 3.10 (1.98 to 4.84) 2.21 (1.44 to 3.40) 3.08 (1.93 to 4.89)

No. of positive nodes
0 1 (ref) 1 (ref) 1 (ref) 1 (ref) 1 (ref)
1 or 2 1.65 (1.19 to 2.28) 1.37 (0.82 to 2.27) 1.51 (1.04 to 2.17) 1.70 (1.19 to 2.44) 1.39 (0.95 to 2.05)
3 or 4 2.45 (1.67 to 3.58) 3.58 (2.14 to 5.97) 2.17 (1.37 to 3.42) 2.35 (1.54 to 3.61) 1.79 (1.11 to 2.91)
5–8 4.42 (3.08 to 6.32) 3.50 (2.02 to 6.06) 3.85 (2.41 to 6.14) 4.83 (3.25 to 7.17) 4.06 (2.49 to 6.64)
9–19 5.74 (3.98 to 8.26) 4.61 (2.69 to 7.90) 6.75 (4.25 to 10.71) 6.26 (4.19 to 9.35) 5.93 (3.59 to 9.79)
�20 8.61 (5.12 to 14.48) 4.02 (1.38 to 11.68) 6.45 (3.40 to 12.23) 9.34 (5.26 to 16.57) 7.67 (3.96 to 14.85)

Lymph or vascular invasion
No 1 (ref) — 1 (ref) 1 (ref) 1 (ref)
Yes 1.42 (1.13 to 1.78) — 1.97 (1.46 to 2.65) 1.47 (1.14 to 1.89) 2.14 (1.56 to 2.93)

Adjuvant hormone therapy
No 1 (ref) 1 (ref) — 1 (ref) —
Yes 0.38 (0.29 to 0.49) 0.53 (0.38 to 0.73) — 0.39 (0.29 to 0.53) —

Chemotherapy
No — 1 (ref) — — —
Yes — 0.55 (0.31 to 0.98) — —

Alcohol consumption
No — — — 1 (ref) 1 (ref)
Yes — — — 0.73 (0.58 to 0.93) 0.73 (0.55 to 0.97)

Discovery
No. of events/total population 360/6469 163/1384 236/1182 296/5557 213/1025
AUC 0.808 0.752 0.725 0.815 0.719

Validation
No. of events/total population 107/2043 62/466 98/472 60/1177 60/288
AUC 0.795 0.788 0.715 0.789 0.695

*AUC¼area under the curve; CI¼ confidence interval; EPI¼ self-administered questionnaires; HmR¼hormone receptor; HER2¼human epidermal growth factor recep-

tor 2; HR¼hazard ratio.
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Further, compared with existing models, our models incor-
porated many more additional epidemiological variables as
independent prognostic factors including race/ethnicity, alcohol
consumption, and smoking status. Prior meta-analyses have
reported statistically significant associations between alcohol
consumption and a reduced risk of death (31) and between
smoking and an increased risk of death (32). However, the asso-
ciation between alcohol consumption and the risk of recurrence
has previously been unclear (31,33,34). Our study suggested that
alcohol consumption protects against recurrence. In addition,
the association between smoking and a greater risk of death
was confirmed by our study.

Health-related QoL has a profound impact on an individual’s
health. A statistically significant association between physical
functioning and survival has been reported by several studies
(35–39), while other studies have found no statistically signifi-
cant association (40–42). The discrepancy in these findings may
be attributed to the differences in QoL instruments, the timing
of QoL assessments, racial/ethnic background, breast cancer
patient characteristics, and the type of study (single- or multi-
institution), etc. In this study, we found that a low PCS score
was associated with a statistically significantly increased risk of
death. Therefore, our study provided evidence for the effect of
physical well-being and illustrated the disparity in QoL among
breast cancer patients.

Our models were developed with a large patient population
with discovery and validation phases. Other more overt biases
exist such as the use of adjuvant therapy (particularly chemo-
therapy) in higher-risk patients. Therefore, external validation
in independent and diverse patient populations is also needed
before our models can be applied in the clinical setting. Further,
incorporation of epidemiological and QoL variables into our
final models appears to marginally improve the models’ dis-
criminatory accuracy compared with clinic models, consistent
with the observation from another study (43). However, calibra-
tion analysis showed that full models were well calibrated for
almost all the subgroup analysis except for two scenarios, while
the clinic model did not have good calibration for 10 scenarios.
Decision curve analysis further demonstrated higher net benefit
for the full model compared with the clinical model. Because
UTMDACC is a tertiary cancer center, patients who are not ini-
tially treated at UTMDACC and have poor prognostic features,
such as tumor progression during neoadjuvant chemotherapy,
among many other reasons, will further seek treatment at
UTMDACC, as opposed to those who do not have these poor
prognostic features. Therefore, there is a potential for referral
bias. We focused the discovery data on patients who met NCCN
criteria in order to broaden the applicability of the study in a
hospital setting and used the remaining patients as validation
data to examine whether the models are applicable to a differ-
ent patient population with more aggressive disease. However,
because only data from a single institution was used, it may
limit the potential generalizability to external populations, and
further validations in external populations are needed in order
to generalize our findings. The median age of our patient popu-
lation was about 10 years younger than that of overall US breast
cancer population, and our populations also had a higher-than-
average number of triple-negative and HER2-positive breast
cancers. Also, the treatment plan might change during the
study period, which could influence the patient prognosis, and
in this retrospective analysis we did not have access to the rea-
sons why patients received their specific treatments, although
treatment of patients from single institution might be more
homogeneous. We combined the locoregional and distantT
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Nuclear grade 1 or 2 1 or 2 1 or 2 3 3

Histology Ductal Ductal Ductal Ductal Mixed

Tumor size, cm 0–1 2–3 2–3 4–5 5+

Number of positive nodes 0 1 to 2 3 to 4 5–8 9–19

Detection mode Screen Symptom Symptom Symptom Symptom

Lymph or vascular invasion No Yes Yes Yes Yes

Adjuvant hormone therapy Yes No No Yes Yes

Alcohol Yes Yes No No No

No. of risk factors 0 5 6 7 8
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Figure 3. Application of the prediction models to predict pure risk of developing breast cancer recurrence in five years for hypothetical individuals with different risk

profiles. A) predicted five-year risk of recurrence for HmR-positive (estrogen receptor–positive, progesterone receptor–positive, human epidermal growth factor recep-

tor–negative) female breast cancer patients age 40 and 65 years. B) Predicted five-year risk of recurrence for triple-negative female breast cancer patients age 40 and 65

years. Error bars represent 95% confidence interval.
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Table 4. Racial/ethnic disparities of demographic, clinical, epidemiological, and QoL risk factors

White African American Hispanic Asian/ Pacific
Variable No. (%) No. (%) No. (%) No. (%) P*

Age, y
<45 1453 (0.19) 261 (0.24) 400 (0.29) 155 (0.3) <.001
45–54 2262 (0.29) 371 (0.34) 455 (0.33) 173 (0.33)
55–64 2152 (0.28) 247 (0.23) 349 (0.25) 113 (0.22)
�65 1853 (0.24) 213 (0.2) 172 (0.13) 78 (0.15)

BMI, kg/m2

<25 2946 (0.39) 151 (0.14) 395 (0.29) 283 (0.55) <.001
25–29.9 2335 (0.31) 302 (0.28) 467 (0.34) 159 (0.31)
�30 2281 (0.3) 610 (0.57) 497 (0.37) 69 (0.14)

Menopausal status
Pre 2306 (0.3) 345 (0.32) 569 (0.41) 250 (0.48) <.001
Peri 228 (0.03) 26 (0.02) 35 (0.03) 12 (0.02)
Post 5179 (0.67) 721 (0.66) 771 (0.56) 257 (0.5)

Cancer detection mode
Screens 3864 (0.5) 479 (0.44) 549 (0.4) 224 (0.43) <.001
Symptom 3845 (0.5) 613 (0.56) 825 (0.6) 295 (0.57)

Stage
I 3864 (0.5) 453 (0.41) 582 (0.42) 239 (0.46) <.001
II 2933 (0.38) 461 (0.42) 576 (0.42) 213 (0.41)
III 923 (0.12) 178 (0.16) 218 (0.16) 67 (0.13)

Nuclear grade
I or II 4390 (0.58) 385 (0.36) 703 (0.52) 287 (0.55) <.001
III 3223 (0.42) 696 (0.64) 656 (0.48) 231 (0.45)
Histology
Ductal 6039 (0.78) 932 (0.85) 1113 (0.81) 424 (0.82) <.001
Lobular 729 (0.09) 79 (0.07) 113 (0.08) 38 (0.07)
Mixed ductal/lobular 569 (0.07) 37 (0.03) 90 (0.07) 28 (0.05)
Other 383 (0.05) 44 (0.04) 60 (0.04) 29 (0.06)

Tumor size, cm
0–1 2219 (0.3) 299 (0.29) 323 (0.25) 158 (0.32) <.001
1–2 2925 (0.4) 345 (0.34) 487 (0.38) 159 (0.32)
2–3 1129 (0.15) 185 (0.18) 252 (0.19) 89 (0.18)
3–4 452 (0.06) 82 (0.08) 94 (0.07) 36 (0.07)
4–5 211 (0.03) 36 (0.04) 45 (0.03) 18 (0.04)
5þ 404 (0.06) 73 (0.07) 96 (0.07) 30 (0.06)

No. of positive nodes
0 4501 (0.59) 569 (0.52) 741 (0.54) 290 (0.56) <.001
1 or 2 1700 (0.22) 259 (0.24) 314 (0.23) 127 (0.25)
3 or 4 573 (0.08) 97 (0.09) 129 (0.09) 40 (0.08)
5–8 424 (0.06) 72 (0.07) 91 (0.07) 35 (0.07)
9–19 349 (0.05) 76 (0.07) 75 (0.05) 21 (0.04)
�20 92 (0.01) 13 (0.01) 22 (0.02) 3 (0.01)

Lymph or vascular invasion
No 5959 (0.77) 831 (0.76) 1027 (0.75) 392 (0.76) .14
Yes 1739 (0.23) 258 (0.24) 348 (0.25) 126 (0.24)

Breast cancer receptor subtype
HR-positive 5100 (0.74) 594 (0.6) 864 (0.68) 340 (0.71) <.001
HER2-positive 984 (0.14) 157 (0.16) 253 (0.2) 86 (0.18)
Triple-negative 824 (0.12) 232 (0.24) 160 (0.13) 53 (0.11)

Chemotherapy
No 3062 (0.4) 330 (0.3) 393 (0.29) 180 (0.35) <.001
Yes 4658 (0.6) 762 (0.7) 983 (0.71) 339 (0.65)

Adjuvant hormone
therapy
No 2125 (0.28) 449 (0.41) 389 (0.28) 139 (0.27) <.001
Yes 5595 (0.72) 643 (0.59) 987 (0.72) 380 (0.73)

Radiotherapy
No 2685 (0.35) 336 (0.31) 488 (0.35) 187 (0.36) .04
Yes 5035 (0.65) 756 (0.69) 888 (0.65) 332 (0.64)

Personal cancer history
No 5482 (0.91) 891 (0.98) 1120 (0.97) 447 (0.98) <.001
Yes 550 (0.09) 18 (0.02) 31 (0.03) 8 (0.02)

(continued)
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recurrence as overall recurrence because of the small number of
events for locoregional recurrence. The results for distant recur-
rence were similar to overall recurrence in the univariate analy-
sis (data not shown).

In conclusion, we have developed and validated prognostic
models for early-stage breast cancer patients by adding, for the
first time, receptor subtype and epidemiological and QoL varia-
bles. Our models have high discriminatory accuracy and excel-
lent calibration. We have also demonstrated the health and
well-being disparities between breast cancer patients of differ-
ent racial/ethnic identifies.
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Table 4. (continued)
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Family history of breast cancer*
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*Chi-square test (two-sided). BMI¼body mass index; HER2¼human epidermal growth factor receptor 2; HR¼hormone receptor; MCS¼mental component summary;

PCS¼physical component summary; QoL¼quality of life.
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